The protein composition of the Golgi is intimately linked to its structure and function. As the Golgi serves as the major protein-sorting hub for the secretory pathway, it faces the unique challenge of maintaining its protein composition in the face of constant influx and efflux of transient cargo proteins. Much of our understanding of how proteins are retained in the Golgi has come from studies on glycosylation enzymes, largely because of the compartment-specific distributions these proteins display. From these and other studies of Golgi membrane proteins, we now understand that a variety of retention mechanisms are employed, the majority of which involve the dynamic process of iterative rounds of retrograde and anterograde transport. Such mechanisms rely on protein conformation and amino acid-based sorting signals as well as on properties of transmembrane domains and their relationship with the unique lipid composition of the Golgi.
T he functional integrity of an organelle is intrinsically linked to its protein and lipid composition. The protein and lipid composition of the organelles that make up the secretory pathway are established and maintained by recognizing and retaining proteins that function in a particular organelle whereas permitting nonresident proteins to move on to other destinations-either through anterograde or retrograde transport. In general, proteins and membranes are shuttled throughout the secretory pathway in membrane-bound carriers known as transport vesicles. Vesicle-mediated trafficking events are controlled by: the machinery that drives vesicle formation (the vesicle coat proteins and their GTPase effectors); vesicle docking/tethering factors; membrane proteins that mediate membrane fusion events (the SNAREs); and cells have evolved mechanisms by which to compartmentally localize these proteins. The affinity of a protein for a particular vesicle generating coat complex likely has a dramatic impact on the steady-state distribution of a protein (Heinrich and Rapoport 2005) .
The Golgi serves as the major protein sorting hub for the secretory pathway, receiving de novo synthesized proteins from the endoplasmic reticulum (ER) that are destined for secretion from the cell, or for residence in the endocytic branches of the secretory pathway, or the plasma membrane. In addition, ER resident proteins that have overridden their ER retention mechanisms are captured in the Golgi and returned to the ER (Glick and Nakano 2009; Jackson 2009 ). The Golgi also receives, sorts, and retains the numerous integral membrane protein residents of its various subcompartments (cisterna) (Fig. 1 ). In the face of this constant influx and efflux of proteins, how then does the Golgi retain its resident proteins and hence its structural and functional integrity? The answer to this question is probably best understood for the integral membrane proteins that function in protein and lipid glycosylation-the glycosyltransferases and glycosidases (Colley 1997; Opat et al. 2001; Tu and Banfield 2010 ) although identification of retention signals in other protein residents of the Golgi have also contributed to our understanding (Machamer 1991; Gleeson 1998; Munro 1998; Saint-Jore-Dupas et al. 2004 ). In general, protein retention in the Golgi can perhaps best be viewed as a dynamic process in which one or more features of a Golgi resident protein contributes, to varying degrees, to its steady-state retention in a particular subcompartment. Nonetheless, when the "balance" of retention is perturbed, protein retention in the Golgi is affected.
The emerging picture is one in which the retention of proteins in the Golgi at steadystate is brought about through iterative cycles of anterograde and retrograde transport. The extent to which each transport pathway contributes to the retention of proteins within the Golgi is influenced by protein -protein interactions and the affinity of proteins for the lipid environment of Golgi membranes, as well as by the binding affinity of proteins for the COPI and COPII vesicle coat complexes (Harris and Waters 1996; Toderow et al. 2000; Sato et al. 2001; Abe et al. 2004; Saint-JoreDupas et al. 2004; Glick and Nakano 2009; Jackson 2009; Fig. 2) . The physiological relevance of the dynamic nature of Golgi membrane protein retention is exemplified by the recent discovery that growth factor stimulation can induce the redistribution of certain glycosyltransferases from the Golgi to the ER (Gill et al. 2010) .
In this article, I review what is currently understood about the mechanisms cells employ to retain proteins in the Golgi, with a particular emphasis on integral membrane proteins. Because of restrictions on the length of this review, protein retention mechanisms within the trans-Golgi network (TGN) will not be covered here. However, several excellent reviews covering this topic are available elsewhere Coatomer vesicle tethers Arf /Arl GTPases Figure 1 . The membrane topology of Golgi resident proteins. The majority of Golgi integral membrane proteins are type II; of these the retention mechanisms employed by the glycosyltransferases/glycosidases and by the SNAREs, have been best characterized. Peripheral membrane proteins may associate with Golgi membranes through protein -protein interactions, protein-lipid interactions or because of posttranslational modification (not depicted) see text for details. Representative proteins, which are highlighted in this article, are listed below their corresponding topology. For simplicity, only one representation of a multispanning membrane protein has been shown. (Bonifacino and Rojas 2006; Glick and Nakano 2009; Pfeffer 2009 ).
THE PARADIGM FOR GOLGI PROTEIN RETENTION
In addition to its role as a protein-sorting hub, the Golgi also plays important roles in lipid biosynthesis and in the posttranslational modification of proteins and lipids by sugars. The enzymes that carry out these processes often localize to a particular Golgi subcompartment or cisterna and this is particularly so for enzymes involved in glycosylation-the glycosyltransferases. Glycosyltransferases are type II integral membrane proteins that display an evolutionarily-conserved modular organization. These enzymes are comprised of a short cytoplasmically orientated amino terminus (typically between 5-20 amino acids in length) and a single transmembrane domain-the majority of the protein, consisting of the stem region and aminoterminal catalytic domain, is found within the Golgi lumen. Given that glycosyltransferases and glycosidases make up the bulk of Golgi resident membrane proteins, the fact that such a small portion of these proteins is exposed to the cytoplasm is striking. Nonetheless, despite their modest length and lack of amino acid sequence similarity, the cytoplasmic regions of these enzymes are known to make a significant contribution to their retention in the Golgi. Glycan addition is a sequential process and many glycosyltransferases occupy distinct subcompartments in the Golgi that often reflect the order in which the enzymes contribute to glycan addition. The subcompartment-specific distribution patterns shown by glycosyltransferases have made these proteins ideally suited to studies on the mechanisms of Golgi protein retention. Indeed, the picture of these mechanisms that have emerged from such studies revealed that overall; glycosyltransferases employ a variety of retention strategies. For example, the Golgi retention of some glycosyltransferases is mediated by protein -protein interactions (Opat et al. 2000; Qian et al. 2001; Giraudo and Maccioni 2003; Weisz et al. 1993) whereas for others, the composition and length of the transmembrane domain (Munro 1991 (Munro , 1995a Aoki et al. 1992; Tang et al. 1992; Teasdale et al. 1992; Wong et al. 1992; Machamer et al. 1993; Nilsson et al. 1991; Becker et al. 2000; Sousa et al. 2003) , the cytoplasmic tail (Lussier et al. 1995; Milland et al. 2001; Uliana et al. 2006; Okamoto et al. 2008) , the cytoplasmic tail and transmembrane domains together (Zerfaoui et al. 2002; Fenteany and Colley 2005) , or the transmembrane domain and luminal stem region together (Graham and Krasnov 1995; Nilsson et al. 1996; Grabenhorst and Conradt 1999) are crucial. Although it appears that no single mechanism or feature of a protein can account for the retention of all glycosyltransferases in the Golgi (Colley 1997; Munro, 1998; Opat et al. 2001; Saint-JoreDupas et al. 2006; Tu and Banfield 2010) , for the majority of enzymes examined to date, Golgi residence can be established using the cytoplasmic tail and transmembrane domain (Czlapinski and Bertozzi 2006; Tu and Banfield 2010, and references therein).
Protein Aggregation/Kin-Recognition as a Golgi Retention Mechanism
Glycosyltransferases can be found in cells as either monomers, or homo-or hetero-oligomers (Jungmann and Munro 1998; Kojima et al. 1999; Lee et al. 2009; Chen et al. 2000; Opat et al. 2000; Giraudo and Maccioni 2003; Fenteany and Colley 2005) . Such oligomerization has been shown not only to be important for Golgi retention of these proteins (Fig. 2 ), but also in some instances, to be important for the function of the associated glycosyltransferases (McCormick et al. 2000; Giraudo et al. 2001; de Graffenried and Bertozzi 2004) . Studies on glycosyltransferase localization led to two models for Golgi resident integral membrane protein retention (Bretscher and Munro 1993; Nilsson et al. 1993a) . The first, known as the kin-recognition model (Nilsson et al. 1993a (Nilsson et al. , 1994 , proposed that the aggregation of Golgi resident proteins, in particular glycosyltransferases, functioned to exclude these proteins from transport vesicles as they were considered to be too large; and hence this resulted in their retention in the Golgi (Nilsson et al. 1993a) . Aggregationbased retention of viral membrane proteins in the Golgi had also been reported (Weisz et al. 1993 ) and this raised the possibility that protein-aggregation might represent a general, albeit protein-specific, Golgi protein retention mechanism. The ability of a particular glycosyltransferase to form aggregates and/or oligomerize, relies on characteristics (e.g., its length and amino acid composition) of the transmembrane domain or the transmembrane domain and luminal stem region (Weisz et al. 1993; Nilsson et al. 1996; Opat et al. 2000; Qian et al. 2001; Fenteany et al. 2005) .
The second model for Golgi protein retention was based on the observation that alterations to the length of the transmembrane spanning region of certain glycosyltransferases affected their retention in the Golgi (Munro 1991; Bretscher and Munro 1993) . Comparisons of the length and composition of Golgi integral membrane proteins with their counterparts on the cell surface revealed that the transmembrane domains of Golgi proteins were generally shorter than those of the cell surface membrane proteins ( Fig. 2) (Bretscher and Munro 1993; Munro 1995a,b) . This correlates with what was understood about membrane bilayer thickness in the early secretory pathway and at the cell surface, the latter being thicker. The model proposed that the transmembrane domains of Golgi membrane proteins, in particular type II proteins, prevented their entry into the sterolenriched and thicker bilayers of Golgi-derived transport vesicles destined to the cell surface (Bretscher and Munro 1993; Munro 1995a Munro , 1998 Klemm et al. 2009 ). The features of Golgi membrane proteins that are thought to exclude them from transport vesicles destined to the cell surface are the length and amino acid composition of their transmembrane domains. Golgi membrane protein transmembrane domains are normally shorter than their plasma membrane counterparts and are typically enriched in amino acids with aromatic side chains. There is experimental support for this model: for example, the retention of some glycosyltransferases, Golgi-resident SNARE proteins, and viral proteins has been shown to be dependent on the length of their transmembrane domains (Banfield et al. 1994; Schaecher et al. 2008 ). In addition, transmembrane domain length can also influence the transport dynamics of membrane protein reporters (Dukhovny et al. 2009 ). However, it is unlikely that the length of the membrane-spanning region accounts entirely for the localization Golgi resident integral membrane proteins.
A recent study has reexamined the length and amino acid sequence compositions of integral membrane protein residents of components of the secretory pathway and plasma membrane from large datasets (Sharpe et al. 2010) . This study corroborated the role of transmembrane domains as general sorting determinants for integral membrane proteins and revealed that intracellular protein localization, at least for type I and type II proteins, can be reliably predicted from the length and amino acid composition of the transmembrane domain.
How might the composition and length of Golgi membrane proteins account for their retention? Dimerization via the transmembrane has been shown to account for the retention of some proteins that exist as oligomers Souza et al. 2003) , but this mode of retention cannot account for proteins that exist as monomers. The most plausible explanation would seem to involve characteristics of membranes and in particular, the lipid composition of Golgi subcompartments, as well as characteristics of amino acids enriched in Golgi resident protein transmembrane domains (Sharpe et al. 2010) .
Golgi Membrane Lipid Composition-Based Retention
The transmembrane-based model for Golgi protein retention suggested that a gradient of sterols in membranes of the secretory pathway, and cholesterol in particular, might account for this mode of retention (Bretscher and Munro 1991) . However, some organisms do not require cholesterol and therefore a role for sterols could not be an evolutionarily conserved feature of this mode of retention (Rolls et al. 1997) . Moreover, it is not clear that differences in sterol composition within the Golgi itself could be sufficient to account for subcompartment specific transmembrane domain-based retention. In any case, the capacity of membrane protein transmembrane domains to specify Golgi subcompartment retention should presumably be reflected in the lipid composition of the organelle.
More recently, a model that also includes lipid-based protein retention has been proposed (Patterson et al. 2008 ). This lipid-based partitioning model posits that integral membrane proteins rapidly partition into Golgi membrane domains on the basis of the properties of individual membrane compartments (Fig. 2) . The investigators proposed that differences in the ratios of lipids, in particular the ratio of glycerophospholipids to sphingolipids (which are lowest in the cis and highest in the transGolgi) could account for observed Golgi protein distributions in cells. Presumably, integral membrane proteins with different preferences for glycerophospholipid: sphingolipid ratios would be enriched Golgi subcompartments that contain the preferable lipid composition (Patterson et al. 2008; Lippincott-Schwartz and Phair 2010; Sharpe et al. 2010) .
Amino Acid Sequence Motif-Based Golgi Retention Mechanisms
Amino acid sequence motifs that function as sorting signals, such as the carboxy-terminal "KKXX" and "K/HDEL" motifs, are a welldocumented means by which ER resident proteins are retrieved from the Golgi via COPIcoated vesicles (Teasdale and Jackson 1996) . In contrast, there are relatively few examples of Golgi-resident proteins that are known to require an amino acid sequence-based motif for their steady-state localization. For those Golgi resident proteins that do employ such a
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Golgi Retention of Glycosyltransferases by Vps74/GOLPH3
The transmembrane domains of many Golgi resident Type II proteins appear to play a prominent role in the retention of this class of membrane protein. An alteration to the length and in some cases the composition of transmembrane domains, results in mislocalization of proteins either to the cell surface or to lysosomal-like compartments of the cell. However, several glycosyltransferases have been shown to cycle both within the Golgi, and between the Golgi and the ER by a process that requires a functional COPIcoat-deficiencies in COPI function resulted in protein mislocalization (Harris et al. 1996; Storrie et al. 1998; Todorow et al. 2000) .
The most likely location of a COPI-binding site on glycosyltransferases is the cytoplasmic domain and several studies have revealed a role for this region in the Golgi retention of these proteins (Fig. 2) (Osman et al. 1996; Milland et al. 2001; Uliana et al. 2006; Saint-JoreDupas et al. 2006; Schaub et al. 2006; Okamoto et al. 2008; Christiansen et al. 2009 ). However, as the carboxy-terminal tails of these glycosyltransferases lacked canonical COPI-binding motifs, it was not apparent precisely how the cytoplasmically-exposed portion of these proteins mediated Golgi retention.
Although glycosyltransferases share an enzymatic domain in common, there is relatively little overall amino acid similarity among this group of proteins. As such, it was generally accepted that glycosyltransferases lacked amino acid sequence-based (signal-based) motifs and in particular, canonical COPI binding motifs that might contribute to their steady-state retention in the Golgi. However, a recent study has revealed the presence of an amino acid motif in the cytoplasmic tail of numerous yeast glycosyltransferases that is important for the retention of these enzymes in the Golgi (Tu et al. 2008 ). This motif (F/L-L/I/V-X-X-R/K, in which X is any amino acid) is required for binding to an evolutionarily conserved Golgi peripheral membrane protein termed Vps74p in yeast (Fig. 2) . This protein is also known as GOLPH3; GOLPH3L (Scott et al. 2009 ), Gmx33a; Gmx33b (Wu et al. 2000) , Gpp34, Gpp34R (Bell et al. 2001) , and MIDAS (Nakashima-Kamimura et al. 2005) in other organisms and it is hereafter referred to as GOLPH3 or GOLPH3L. Vps74p in turn binds to the heptameric COPI coat complex coatomer (Tu et al. 2008) . Cells that lack Vps74p mislocalize a number of glycosyltransferases, and alterations to the Vps74 binding site on one glycosyltransferase in particular, Kre2p, was shown to be sufficient to mislocalize this protein to the vacuole in which it was subsequently degraded (Schmitz et al. 2008; Tu et al. 2008) . The current view is that Vps74p/GOLPH3 acts as a late-Golgi resident glycosyltransferase sorting receptor for the COPI coat (Tu et al. 2008; Tu and Banfield 2010) . GOLPH3 and Vps74p have been shown to be novel phosphatidylinositol (4) phosphate (PI(4)P)-binding proteins and in the case of Vps74p, knocking down the ability of the protein to bind to PI(4)P has been reported to reduce Golgi membrane binding and to lead to glycosyltransferase mislocalization (Dippold et al. 2009; Wood et al. 2009; Mayinger 2011) . Despite the fact that the Vps74p binding consensus sequence (F/L-L/I/V-X-X-R/K) is absent from the cytoplasmic tails of human glycosyltransferases (Giraudo and Maccioni 2003) both GOLPH3 and GOLPH3L can functionally compensate for the absence of Vps74p from yeast cells (Tu et al. 2008) .
The observation that the human GOLPH3 proteins can bind to a motif that is absent from their own enzymes seems somewhat paradoxical. However, there is some, albeit indirect, evidence that GOLPH3 proteins may play a role in the retention of Golgi resident glycosyltransferases in mammalian cells. Amino acid substitutions that interfere with PI(4)P-binding, result in a loss of Vps74p-membrane association in yeast cells and in mislocalization of glycosyltransferases (Wood et al. 2009 ).
While in mammalian cells reduced levels of Sac1, the major PI(4)P phosphatase, perturbs the polarized distribution of PI(4)P (which is normally restricted to the TGN) and results in the mislocalization of two medial Golgiresident glycosyltransferases (Cheong et al. 2010) . The findings of Cheong et al. (2010) taken together with the observations that both Vps74p and GOLPH3 can bind to PI(4)P and that Vps74p requires its PI(4)P-binding capability for Golgi-retention of glycosyltransferases are consistent with a direct role for GOLPH3 proteins in glycosyltransferase retention, at least in mammalian cells.
Signal-Based Retention of Golgi Resident Proteins via Amino-Terminal Arginine-Based Motifs
Arginine-based motifs (-RR-, -RXR-, and -RRR-) were initially identified as ER retrieval signals on the amino termini of type II integral membrane proteins (Schutze and Jackson 1994) . However, arginine-based sorting signals have since been identified in membrane proteins of various topologies and in a variety of positions within the proteins (Michelsen et al. 2005; Uemura et al. 2009 ; Fig. 2 ). Evidence for an arginine signal-based retention mechanism in the retention of Golgi resident proteins has come from studies on Och1p and Mnn9p, two yeast glycosyltransferases that show distinct recycling repertoires. Although both Och1p and Mnn9p are predicted to contain Vps74p-binding motifs (Tu et al. 2008) , they display distinct trafficking routes within the Golgi. Och1p can be retrieved from the trans-Golgi to the cis-Golgi (Harris and Waters 1996) , but is not retrieved from the cis-Golgi to the ER in cells that are conditionally defective in ER export (Todorow et al. 2000) . In contrast, Mnn9p cycles between the Golgi and the ER (Todorow et al. 2000; Okamoto et al. 2008) . Examination of the trafficking properties of chimeras between Och1p and Mnn9p established that an arginine-based motif (-RXR-) in the cytoplasmic domain was crucial for the retrograde transport of Mnn9p and Mnn9p-Och1p chimera from the Golgi to the ER (Okamoto et al. 2008 ). An arginine-based motif has also been shown to be important for the dynamic ER retention of the type II membrane protein, glycosidase I (Hardt et al. 2003; Boulaflous et al. 2009 ).
Although it is not known whether the cytoplasmic tail of Mnn9p can bind to the COPI coat, there is mounting evidence to suggest that arginine-based motifs can mediate binding to coatomer (Michelsen et al. 2007; Sharma et al. 2010) . The prospect that arginine motifs may contribute to the dynamic retention of glycosyltransferases is intriguing, particularly as the cytoplasmic domains of numerous mammalian glycosyltransferases contain such sequences (Giraudo and Maccioni 2003; Tu et al. 2008) . Thus, retention of glycosyltransferases in the Golgi may involve two sorting signalbased mechanisms; one that requires Vps74p to mediate incorporation of enzymes into COPIcoated vesicles, presumably from Golgi membranes enriched in PI(4)P, whereas the other requires arginine-based motifs (Fig. 2) .
Signal-Based Retention of Golgi Resident Proteins via Carboxy-Terminal Lysine-Based Motifs
The glycosylation of proteins and lipids depends on nucleotide-sugar conjugates that are translocated from the cytoplasm into the lumen of the ER or Golgi via multispanning membrane proteins called nucleotide-sugar transporters (NSTs) (Berninsone and Hirschberg 2000; Handford et al. 2006) . These display ER and Golgi distributions that reflect the substrate requirements of the compartment-specific glycosyltransferases and additional enzymes that use the translocated nucleotide-sugars as substrates (Berninsone and Hirschberg 2000; Handford et al. 2006) . The translocation of particular nucleotide-sugar conjugates shows a high degree of compartment specificity, with the majority of known nucleotide-sugar transporters operating on the ER or Golgi but rarely on both organelles. Presumably, the relationship between NSTs and the glycosyltransferases that depend on the nucleotide-sugars they translocate, should be intrinsically linked.
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The arrangement of lysines in the carboxyterminal tail of Vrg4p does not conform to that of a canonical COPI-binding carboxy-terminal -KKXX motif (Cosson and Letourneur 1994) , but is rather more reminiscent of sequences that have been shown to be important for the Golgi localization of the multispanning membrane protein Rer1p (Sato et al. 2001 ). Yeast cells also express two additional NSTs, Hut1p (a GDP-galactose NST) (Kainuma et al. 2001 ) and Yea4p (a presumptive Uridine diphosphate-Nacetylglucosamine (UDP-GlcNAc) NST) (Abe et al. 2004) . Like Vrg4p, both Yea4p and Hut1p contain lysine residues in their carboxy-terminal tails, although the importance of these residues in the localization of these NSTs to the ER (Yea1p) and Golgi (Hut1p) has not yet been explored.
Although the majority of proteins bearing arginine-and lysine-based motifs are localized to the ER at steady-state, there are a few examples of proteins that contain such motifs that are retained in the Golgi. Two such examples are the type I lectin-like proteins Emp47p and Emp46p, which contain canonical -KKXX motifs at their carboxyl termini (Schroder et al. 1995; Sato and Nakano 2002) . What might account for differences in steady-state localization for proteins that bear essentially what could be considered to be functionally equivalent sorting signals? Although this has not been examined experimentally as yet, in line with the premise for Golgi protein retention emphasized here, likely explanations may include rapid export from the ER (Sato and Nakano 2002) coupled with generally slower retrieval from the Golgi brought about by protein -protein interactions and/or intrinsic Golgi-retention signals such as features of the transmembrane domain.
Protein Conformational-Based Golgi Retention Mechanisms
Soluble NSF Attachment Protein Receptors (SNAREs) are distributed throughout the endomembrane network in which they participate in the latter stages of intracellular membrane fusion events. SNARE proteins are type II integral membrane proteins that consist of a carboxy-terminal transmembrane domain and a cytoplasmic domain (Fig. 1) . In contrast to the glycosyltransferases and glycosidases, the majority of the amino acid sequence of a SNARE protein ( 100 -350 amino acids, depending on the SNARE) is exposed to the cytoplasm. The transmembrane domains of Golgi resident SNAREs are known to contain targeting information (Banfield et al. 1994) . Despite the importance of the transmembrane domain sequence in the retention of SNAREs in the Golgi, Golgi resident SNAREs can also be mislocalized in cells deficient in the COPI coat (Ballensiefen et al. 1998; Ossipov et al. 1999 ). These observations suggest that Golgi resident SNAREs may be retained in part by iterative cycles of retrograde and anterograde transport, mediated by interactions between their cytoplasmic domains and the COPI and COPII coats. Indeed, it is now generally accepted that Golgi resident SNAREs cycle between the Golgi and the ER (Wooding and Pelham 1998; Cosson et al. 2005) .
Although sorting signals that direct the COPII-mediated export of Golgi resident SNAREs from the ER have been identified (Mossessova et al. 2003) , peptide motifs that direct the interactions between Golgi resident SNAREs and the COPI coat have not yet been described. Although it remains to be established whether Golgi SNAREs contain canonical or "novel" peptide motifs that direct their binding to the COPI coat, there is some biochemical evidence that suggests SNARE protein conformation may play an important role in the COPI-mediated dynamic retention of Golgi SNAREs (Rein et al. 2002; Schlinder and Spang 2007) .
In in vitro mixing assays, purified yeast coatomer binds poorly to Golgi SNAREs (Rein et al. 2002) . However, prior exposure of SNAREs to the Arf GTPase activating protein (GAP), Glo3p, was found to greatly enhance binding between SNAREs and coatomer. Glo3p increases the a helical content of SNAREs and in this way is thought to alter the structural composition of SNAREs-an important prerequisite of COPI binding in vitro (Schlinder and Spang 2007) . Although the physiological relevance of these biochemical studies awaits further investigation, such a mode of sorting is not without precedent. Conformation-dependent associations between Golgi SNAREs and COPII (Mancias and Goldberg 2007) , and between SNAREs and clathrin adaptors, have also been reported (Miller et al. 2007; Pryor et al. 2008 ). In the case of the COPII-SNARE association, alterations to the conformation of the SNARE resulted in a loss of COPII binding (Mancias and Goldberg 2007) . Conformation-dependent sorting motifs may therefore represent an additional mode of steady-state Golgi protein retention.
LOCALIZATION OF OTHER GOLGI RESIDENT PROTEINS
In this review, I have focused on our current understanding of the mechanisms that cells employ to retain integral membrane proteins in the Golgi. However, numerous peripheral membrane proteins are also localized to the Golgi, either through protein -protein interactions or through the posttranslational addition of lipids (e.g., palmitoylation, prenylation, or myristoylation) combined with protein -protein interactions (Behnia et al. 2004; Fukasawa et al. 2004; Setty et al. 2004; Kamena et al. 2008; Rocks et al. 2010 ). Many of these peripheral membrane proteins play important roles in protein trafficking through the Golgi and in so doing, contribute both directly and indirectly to Golgi protein retention (Ungar et al. 2006; Sacher et al. 2008; Smith and Lupashin 2008; Schmitt 2010) . Of particular relevance to Golgi, protein retention is the recruitment of coatomer from the cytoplasm to Golgi membranes, a process that relies on the membrane association of the N-myristoylated GTPase Arf1 Palmer et al. 1993; Kahn, 2009; Liu et al. 2009 ). Arf1 is recruited from the cytoplasm to Golgi membranes in the GDP-bound state (Arf1-GDP) after which it is converted to Arf1-GTP via a GDP-GTP exchange factor. Arf1-GTP undergoes a conformation change, which culminates in the insertion of its Nmyristoyl group into Golgi membranes. Similarly, recruitment of GRIP domain-containing golgins-which function as vesicle tethersrelies on the successive Golgi membrane association of two Arf-like GTPases (Arls), Arl3, and Arl1 (Behnia et al. 2004; Setty et al. 2004; Behnia and Munro 2005; Gillingham and Munro 2007) . Unlike Arf, Arl3 is not myristoylated but instead it is acetylated. Recruitment of acetylated Arl3 to Golgi membranes requires the multispanning membrane protein Sys1, which functions as a transmembrane protein receptor for Arl3. The successful recruitment of Arl3 facilitates the recruitment of N-myristoylated Arl1, which in turn recruits GRIP-domain containing golgins to the Golgi (Behnia et al. 2004; Setty et al. 2004; Behnia and Munro 2005; Gillingham and Munro 2007) . In contrast to Arl3, the identity of the Golgi transmembrane protein receptor for Arf remains elusive.
In addition there are, albeit few, reports of both soluble and glycosylphosphatidylinositol (GPI)-anchored protein residents of the Golgi (Lin et al. 1998; Li et al. 2007 ). Although Golgi protein residence appears to result largely from the physical characteristics of proteins and the lipid composition of Golgi membranes, physiological factors such as Golgi luminal pH
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CONCLUDING REMARKS
Studies on the mechanisms by which integral membrane proteins are retained in the Golgi have revealed that protein localization at steadystate is a highly dynamic process, requiring continuous iterative rounds of Golgi-ER and ER-Golgi transport. In addition to the affinities of Golgi resident proteins for vesicle coat complexes (COPII and COPI), we now understand that the relative rates at which proteins cycle between the ER and Golgi are influenced by both Golgi resident protein -protein interactions and by Golgi protein-Golgi membrane interactions. Yet important questions remain. To what extent does Golgi membrane composition influence Golgi integral membrane protein retention and conversely to what extent does transmembrane domain composition influence membrane composition? I envision that further insight into the mechanism(s) of Golgi protein retention will come from studies examining the complex relationship between Golgi membrane lipid composition and characteristics of the transmembrane spanning sequences of Golgi resident proteins.
In addition, the recent discovery that GOLPH3 is an oncogene highlights the importance of the Golgi as a signaling hub (Scott et al. 2009; Scott and Chin, 2010) . However, our understanding of the role(s) Vps74/GOLPH3 proteins play in Golgi protein retention is at an early stage. Studies aimed at understanding the relationship between GOLPH3 proteins and cell growth, signaling and Golgi protein retention, are therefore likely to yield novel and important insight.
